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Abstract 
During laser materials processing the direct interaction between the laser beam and the processing zone essentially determines the 
process. A self-regulating processing front develops. A simplified mathematical model was applied to describe this first order 
mechanism. In particular, a high power Yb:fibre laser beam was characterized and modelled. The dependence of the keyhole 
shape on different beam models was studied. While a top-hat beam would cause a very different interaction, the impact from the 
more accurate beam model hardly differed from a Gaussian beam, as can be explained by interaction solely with selected 
peripheral domains of the beam.  
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1. Motivation and State-of-the-Art 
One motivation of the present study is better understanding of the keyhole geometry as an essential interaction 
mechanism governing deep penetration laser welding. A second motivation is to better understand and describe high 
power Yb:fibre (as well as disc) laser beams and their impact on the welding process. In particular the phenomenon 
of thermal focus shift has raised discussion about uncertainties and reliability of laser welding with these new high 
brightness laser types. Eventually the description of the focused beam as the tool and its direct interaction with the 
keyhole front are two key aspects that so far are not sufficiently addressed and understood. Consequently, 
understanding and control of the whole welding process remains highly uncertain. While other mathematical studies 
address the larger complexity of the process, but still bear essential uncertainties, in contrast the present study tries 
to focus on a few key mechanisms, accepting certain simplifications. 
During deep penetration laser welding [1] the focused laser beam is the essential processing tool, often described 
by its spot diameter and Rayleigh length (depth-of-focus). Another important but hardly studied feature is the beam 
profile, i.e. the lateral power density distribution I(x,y,z) along the beam propagation direction z, describing the 
entire tool (if continuous wave, called cw, and not polarized). A Gaussian beam keeps its lateral Gauss-profile along 
the entire focusing path z. In contrast, an optical step-index fibre generates a top-hat profile (step profile, 
equidistribution of the power density) when guiding a laser beam. At the fibre exit this diverging top-hat profile is 
* Corresponding author. Tel.: +46-920-49-1733; Fax: +46-920-49-2228. 
E-mail address: alexander.kaplan@ltu.se. 
Open access under CC BY-NC-ND license.
628  Alexander F. H. Kaplan / Physics Procedia 12 (2011) 627–637 
then collimated and focused by usually two optical lenses, corresponding to a projection of the top-hat profile into 
the focal plane. In the focal plane the beam theoretically has again a top-hat profile while at the optics it converts to 
a Gaussian profile, with a transformation regime in between.   
It is common to describe the laser beam quality by 
its beam parameter product BPP (focusing capability, 
convertible to the K-factor or to M2=1/K; the latter 
two normalized factors do not consider the 
wavelength). For free-running lasers focusing is 
usually described by the focal length while for fibre-
guided laser beams the fibre core diameter and the 
magnification by the optics used to be given. 
According to the collimation and focusing lengths and 
the corresponding magnification the spot diameter and 
the Rayleigh length of the focused beam can be 
derived (they remain in a fixed relation to the BPP). 
While this is commonly documented, the whole power 
density distribution I(x,y,z) of the focused beam has 
hardly been measured and published. Recently the 
new high brilliance fibre and disc lasers demanded for 
deeper studies due to strong thermal axial shift of the 
focus by heating of the optical elements, i.e. the lenses 
[2] or the cover glass [3]. Merely for such studies the 
beam was measured, particularly for high power 
single mode lasers. Due to this lack of documentation 
of the focused laser beam, part of the present study 
aimed at measuring a high power (multi-mode) beam 
profile around the focus and describing it by a suitable 
beam formulation. 
During deep penetration (or keyhole) laser welding, 
owing to its high power density (typically I > 106
W/cm2 required) the focused laser beam evaporates 
material and drills a vapour capillary, the keyhole. The 
keyhole is the governing interaction zone 
redistributing the optical energy of the laser beam in 
form of heat to the workpiece, based on absorption. 
The keyhole permanently absorbs the laser beam, 
generating heat, but it also permanently evaporates a 
relatively small portion of metal that keeps the 
keyhole open and that redirects (by local ablation or 
recoil pressure) the upstreaming melt (from the 
welding speed) from the front to the rear of the 
keyhole and melt pool, where it resolidifies to form 
the weld. Figure 1(a) shows a high speed image of the 
top surface of the weld pool, including the keyhole 
opening. A section of the weld pool and keyhole into 
depth is illustrated in Figure 1(b), here for a keyhole 
closed to the bottom, despite welding through.  
Figure 1. Visualisations of the (deep penetration) laser welding process; 
(a) high speed image of the top surface, (b) sketch of a vertical section (xz-
plane) of the melt pool and keyhole, (c) high speed image of the keyhole 
front (upper part) 
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Note that the front part of the keyhole mainly redistributes the energy and governs the process, particularly the 
higher the welding speed v (or Péclet number Pe = vw/N, where w is the beam spot radius and N is the thermal 
diffusity). The evaporating material flows out of the keyhole, interacting with the shielding gas flow. For the new 
high brilliance lasers with excellent beam quality the impact of the correspondingly more extreme beam properties 
on the welding process is of particular importance and therefore studied recently [4,5]. In particular quality issues 
like heavy spatter formation were observed [6,7]. 
While the keyhole opening can be well seen during high speed imaging, the whole shape of the keyhole is 
difficult to measure. For thin sheets also the bottom orifice of the keyhole is visible during imaging. The only 
research team observing the keyhole shape has been Osaka University (and recently the University of Stuttgart) by 
X-ray imaging from the side of thin workpieces [8]. This provides very interesting information, but the resolution of 
the method is limited to several μm. Recently, suitably adjusted high speed imaging enabled to observe part of the 
keyhole front, Figure 1(c), where collective downstreaming of many humps was observed at the keyhole front wall 
[9].  
Optionally the keyhole has been studied by mathematical modelling of the process. Despite several 
simplifications, e.g. neglecting the weld pool flow, in the early days semi-analytical models provided suitable 
calculation of e.g. the keyhole geometry [1,10,11]. Recently the sufficiently high computer performance has enabled 
to compute the entire three-dimensional and time-dependent flow field of the melt pool, both for laser welding 
[12,13] and even for hybrid laser-arc welding [14]. However, even these powerful computations have still 
limitations by uncertainties in the boundary conditions, material properties and sub phenomena of the highly 
complex overall process. 
The present study aims to calculate the keyhole shape as the essential interaction phenomenon, disregarding most 
of the complex accompanying mechanisms. Although this causes anyhow unavoidable inaccuracies the hypothesis is 
that the key dependency of the keyhole shape on the focused laser beam and its profile still can be estimated in a 
qualitatively realistic manner to draw basic conclusions. We would like to distinguish between the direct interaction 
of the laser beam with the keyhole wall (first absorption) that can be regarded as the controllable contribution of the 
laser beam and multiple scattering (second and higher absorption, [1,15]) in a random, less controllable manner, to 
be here excluded. Goal of the paper is to theoretically analyze how strong the impact of the beam profile, when 
approached by different beam models, is on the keyhole shape and penetration depth. 
2. Experimental set-up and modelling 
Laser welding of low C-steel with a 15 kW Yb:fibre laser beam (output fibre diameter 200 μm, beam parameter 
product 10.4 mm mrad, focal length 300 mm, optical magnification 2:1) was studied.  
The study can be divided into modelling of the focused laser beam and into subsequent modelling of the keyhole 
shape. From the beam parameter product and magnification, the beam spot diameter 2w0=400 μm and the Rayleigh 
length zR=r3.5 mm results. With these three properties PL,w0,zR the beam can be described in a simple manner by a 
Gaussian beam, suitable for the far field, or by the same caustics (z-dependence) but a lateral top-hat (step, flat-top) 
beam profile. The power density distribution of the focused beam was measured by a rotating needle system. From 
these measurements a more suitable beam model was developed by superimposing a positive with a negative 
Gaussian beam,[16] enabling much more accurate approximation by suitable adjustment of the six parameters, as 
will be verified in more detail in a separate paper.  
The keyhole is modelled by applying the primary mechanism of a laser welding model developed earlier [1], 
namely by a local energy balance  
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between the laser beam power density I(xz) in the xz-plane (see coordinates and section in Figure 1(b)) and the 
heat conduction losses qv to achieve evaporation temperature at the keyhole front and rear wall, respectively, based 
on a simplified planar (xy-flow) heat flow equation. The local angle D of the keyhole wall is then calculated at the 
front and rear keyhole wall (xf(z),xr(z) in the xz-plane) by this local energy balance. AFr is the angle-dependent 
Fresnel-absorption. This enables to calculate the keyhole shape from the top downwards until the keyhole closes. 
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Convergence of the calculation was achieved for a vertical resolution of less than 20 μm, thus 'z=1 μm was used.  
This also represents keyholes open at the bottom by simply cutting off the shape for thinner plates, as the heat flow 
is predominantly horizontally and the open keyhole corresponds to beam transmission losses. 
By vertical integration, the keyhole shape xf(z),xr(z) results. The beam formulation and the modified keyhole 
model[1] will be described in more detail in two subsequent papers. Although this model neglects many effects, it 
nevertheless considers the main self-regulating energy mechanism. In particular, multiple reflections can be 
regarded as uncontrolled noise (neglected here, can be added) and the smooth steady state keyhole is assumed to 
approach the average value with respect to space and time of the keyhole surface topography and its time-
dependence (variations in space and time are actually verified). Therefore, the calculations can anyhow not be 
accurate due to the many uncertainties but they are expected to be representative for the main behaviour. 
(a) 
(b)
(c)  (d)
Figure 2. Measured fibre laser beam profile along the beam axis z: (a) 3D-profile; comparison to modelled, Gaussian and top-hat beam (b) of the 
central power density I(0,0,z) along the optical axis, (c) of the lateral power density I(x) at the position z = -7 mm and (d) at z = +2 mm 
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3. Results and Discussion 
The measured lateral profile of the focused Yb:fibre laser beam at different propagation positions z is shown in 
Figure 2(a). As can be seen, close to the focus the beam approaches a top-hat profile, in the far field it is similar to a 
Gaussian profile and the transition range (starting very close to the focus) has a conic-like shape. 
This beam was described by a Gaussian distribution and propagation (a first order approximation, with three 
parameters), by a top-hat profile and modelled (approximated, in the following called the ‘modelled beam’) by 
superimposing two Gaussian beams (a second order approximation, with six parameters). Figure 2(b) shows the 
central peak power density along the beam axis for the measured beam in comparison with the Gaussian, top-hat and 
second order formulation (model). The lateral beam profile can be seen in Figure 2(c) far from the focus (thus 
Gauss-like) and in Figure 2(d) close to the focus (top-hat-like) for the measured beam and the three formulations.  
The modelled beam describes the measured beam much more accurate (factor 2) around the focus. This results 
from the characteristics of the real beam that has no dominating peak power density around the focus (as the 
Gaussian beam) but instead an almost constant, flat range (which can be advantageous for the welding process). 
A typical calculated keyhole shape is shown in Figure 3(a) (note: x- and z-axis in same scale, thus right aspect 
ratio), here for the modelled beam at a welding speed of 3 m/min in steel, the focal plane positioned at the surface, 
z0 = 0. From the comparison of the keyholes in Figure 3(b) (note: different x- and z-scale) for the three beam 
formulations it can be seen that the Gauss-description and the modelled beam result in almost identical keyholes, 
although the beams themselves differ significantly from each other. In contrast, the top-hat beam profile causes a 
very different keyhole shape due to its characteristics (sharp x-transition). The keyhole shape calculated for four 
different welding speeds is shown in Figure 3(c). The keyhole depth decreases for increasing speed. Important is 
that the keyhole front remains the part catching most of the beam power, hence regulating the process through the 
angle. 
 (a) (b) (c)  
Figure 3. (a) Calculated keyhole shape (correct aspect ratio), (b) comparison of the calculated keyhole shape between a top-hat, a Gauss and a 
second order model beam profile (z0 = 0, v = 3 m/min, PL = 15 kW, steel; note: different scales x,z), (c) keyhole shape calculated for the modelled 
beam for different welding speeds v (z0 = 0) 
The calculated keyhole shape for a variety of focal plane positions z0 (from -2 mm above the surface until +20 mm 
into the workpiece) is shown in Figure 4(a)-(c) for the three different beam profile formulations, respectively. For a 
focal plane position close to the surface (z0=0) the narrowest keyhole and the deepest penetration is achieved. Again, 
also at different focal positions the keyhole of the Gaussian beam differs only slightly from the 2nd order model, 
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while the top-hat formulation shows a different, steeper characteristics and widely less penetration. 
.
(a) (b) (c) 
Figure 4. Keyhole shape calculated for different focal plane positions z0 (z0 = -2, 0, +2, +4, +8, +16, +20 mm) for (a) Gaussian beam formulation, 
(b) second order beam model, (c) top-hat bam formulation (all: v = 3 m/min) 
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Figure 5. Keyhole depth calculated for the three beam formulations (a) as a function of the welding speed v (for z0 = 0 mm) and (b) as a function 
of the focal plane position z0 (for v = 3 m/min); correspondingly, as a function of the focal plane position the calculated (d) average keyhole front 
angle and (c) the average keyhole front absorptance are shown 
The penetration depth depending on the beam profile is shown in Figure 5(a) as a function of the welding speed 
and in Figure 5(b) as a function of the focal plane position. The top-hat beam leads to less depth throughout while 
the Gaussian and the 2nd order model beam widely achieve the same theoretical depth, except for very deep focal 
plane positions. For better understanding of this behaviour the average angle of the keyhole front, see Figure 5(c), 
and the average (first, direct) absorptance at the keyhole front, Figure 5(d), are plotted as a function of the focal 
plane position. Even the top-hat beam differs here less from the other profiles than it does for the keyhole shape and 
depth. 
The keyhole profiles for a welding speed of 3 m/min and 12 m/min (for z0 = 0 mm) and for z0 = +8 mm 
(v = 3 m/min) are shown in Figure 6(a)-(c) in the xz-plane in combination with the lines of constant beam power 
density (isophots) for the three beam formulations.  
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Figure 6. Keyhole profile and beam isophots (lines of constant power density – increasing from blue to red) in the xz-plane for (a) model beam, 
(b) Gauss beam and (c) top-hat beam for a welding speed of 3 m/min and 12 m/min at z0= 0 and for a speed of 3 m/min at z0 = +8 mm 
As can be clearly seen, the keyhole front interacts only with the peripheral regions of the beams, which are very 
similar between the Gaussian and the modelled beam. Therefore the significant differences between the two beams 
in the centre, see Figure 2(b),(d), are of minor importance here, which explains why the beams lead to similar 
keyholes despite differing power density distribution. This is not valid for the top-hat beam that, due to its 
homogeneous distribution, (hypothetically) generates a steeper keyhole wall.  
The calculated keyhole surface (for the reference case v = 3 m/min, z0 = 0 m/min, 2nd order modelled beam) is 
visualized in Figure 7(a),(b) from two different angles of view. Figure 7(c) shows the laser beam power density 
distribution across the keyhole surface, here projected on the xz-plane (thus e.g. the areas close to the keyhole front 
and rear represent a view on strongly tilted surface elements, appearing as more narrow regions here). The colour 
scale shows the variation from low power density (dark red) over medium (orange) to high power density (bright 
yellow, white). Compare the power density distribution and keyhole also with its visualization in Figure 6. 
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(a) (b) (c) 
Figure 7. (a) Three-dimensional top view at the surface of a calculated keyhole, (b) corresponding side view, (c) laser beam power density 
distribution (colour scale: from dark red ‘low’ to bright yellow ‘high’ power density) at the keyhole surface, projected on the xz-plane 
In Figure 8 the laser beam power density distribution on the keyhole surface (projected on the xz-plane; for different 
x- and z-scales) is shown for increasing welding speed, Figure 8(a)-(c), and for different beam profile formulation 
when positioning the focus at the surface, Figure 8(d)-(f), or positioning it z0 = +8 mm into the material, 
respectively. 
Figure 8. Laser beam power density distribution (colour scale – brighter is higher normalized power density) at the 
keyhole surface (projected on the xz-plane) for different combinations of speed, focal plane position and beam 
profile (here the keyhole front is at the left side) 
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As can be seen, even if the focus is positioned at the surface, the keyhole experiences its highest power in a lower 
region (at the front surface), as becomes clear by Figure 6. Instead, the top-hat profile keeps its power density level 
horizontally constant across the keyhole independent of the keyhole shape. For a focal position deep into the 
workpiece the highest power density correspondingly is shifted to lower regions, here interacting with the keyhole 
bottom, hence having an impact then. The shape then becomes different and starts in far outer regions, see also 
Figure 6. However, the part of the profile close to the sheet surface is put in question, although justifiable from a 
thermodynamic point of view, due to the fluid mechanisms taking place that are likely to alter it, as was observed 
from high speed imaging where such smooth entrance was hardly observed. Further theoretical and experimental 
studies will be carried out to verify the main trends that were here identified, to verify whether part of the basic 
redistribution of energy via the keyhole and therefore the energetic control of the process can be described by 
reduced, fundamental relations. 
4. Conclusions 
The direct impact of the laser beam profile on the keyhole shape was studied by a simplified laser welding model. 
In spite of the simplifying assumptions we can conclude:  
(i) The measured fibre laser beam, which was described by a second order approximation with satisfying 
accuracy, significantly differed from idealized beam profiles; in particular, the beam profile is flatter around the 
focus than for a Gaussian beam 
(ii) Nevertheless, the impact of the laser beam profile on welding process and penetration depth remains little 
because the distinct central region of the beam does normally (focus close to the surface) not interact with the 
workpiece and keyhole; hence, this difference is irrelevant, as only the outer beam domains contribute to the process 
(iii) Thus, despite its much higher peak power density in the focal plane and its steeper characteristics, a Gaussian 
beam derived from the laser’s beam parameter product is widely suitable to describe the keyhole shape behaviour 
(iv) For these first order effects, the calculation for a top-hat beam profile approximation causes (due to the 
beam’s different characteristics) a sharp, steep keyhole entrance in contrast to the 2nd order modelled beam 
(v) The different beam profiles have widely led to a similar average keyhole inclination angle and absorptance 
(vi) The keyhole model provides plausible fundamental trends and corresponding explanations for energy 
redistribution and control during laser welding but the strong simplifying assumptions have to be further proven 
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